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ABSTRACT 
 
Unlike other fibres, wool felts readily when agitated         
in the presence of water. For this reason, only the minimum 
necessary quantity of water is used when the garments are 
drycleaned. However, wool fibres are often deliberately              
felted to obtain a warm bulky handle by controlled addition              
of water to the solvent. This process is known as solvent  
milling and recently, it has become a popular alternative to            
the traditional milling in water alone. Although the               
factors which influence milling in solvent are known, the 
relationships between them are not well defined. 
A comprehensive study of the relationship between           
water distribution and milling shrinkage during agitation of 
wool in perchloroethylene has been carried out in this                  
thesis. The Karl Fischer method of determination was used 
throughout to establish the distribution of water between               
the wool fibre and the solvent liquor. The emphasis was            
placed on practical production variables. 
The role of surfactant in affecting milling shrinkage 
through its effect on the transport of water to the fibre              
from the solvent was examined. The ability of a suitable 
surfactant in promoting even and rapid sorption of water by            
the fibre was related to the colloidal properties of the              
milling liquor. 
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1. INTRODUCTION 
 
1.1 Processing of Textiles in Solvent Media 
 
The term solvent processing is used to describe the 
treatment of textiles in non-aqueous solvents rather than           
water. Treatments which may be carried out in solvent  
include (1); 
 
(i)  Drycleaning to remove soil from garments. 
(ii)  Scouring to remove yarn processing oils. 
(iii)  Milling to produce a range of shrinkage effects. 
(A detailed description of solvent milling is              presented 
in section 1.6). 
(iv)  Carbonizing of wool to remove vegetable matter. 
(v)  Dyeing. 
(vi)  Application of textile auxiliary chemicals for water and/or 
soiling repellency, improvement of fabric            handle and 
shrinkproofing of wool. 
 
1.1.1 The Development of Solvent Processing 
 
  Although widespread use of solvents for processing did not 
occur until the l960s, the concept is much older.              The 
familiar drycleaning process has been in use for more           than 
eighty years. During this period, there have been many changes in 
the preferred type of solvent, increased understanding of the 
chemistry of cleaning and the development of highly sophisticated 
machinery. Prior to            the early 1960s, only isolated and 
relatively small scale examples of processing textiles in solvent 
existed, e.g., 
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the Derby solvent scouring machine was introduced in 1936       for 
scouring woollens and worsteds (2, 3). Increasing use               of 
solvent scouring to remove solvent soluble oils in          knitgoods 
led to important machine modifications such as              the 
elimination of the filter from the normal drycleaning               unit 
and an increase in the size of the distillation units.           During the 
l960s, an understanding of the relationships   between the 
consolidation of knitwear, solvent temperature            and the 
amount of water emulsified in the solvent evolved.           This led to 
defined and more easily controlled milling  processes and could be 
considered the starting point of           modern day solvent processing 
for textiles (2). The             relative absence of water in solvent made 
wool one of the           main fibres to benefit from solvent 
processing, i.e., the shrinkage hazards of aqueous processing were 
markedly reduced. Accompanying the trend toward solvent 
processing was the development of machinery and auxiliaries. The            
reasons for the increasing development of solvent processing              
of textiles are (3); 
(i)  The increasing scarcity and cost of water. 
(ii)  An increased concern for effluent control. (It is               often 
cheaper to install a solvent processing plant             than an 
effluent plant for a particular aqueous        process) 
(iii)  The availability of new and improved solvent          processing 
equipment. 
(iv) The potential of improved production efficiency with respect 
to speed, space requirements and decreased manpower needs. 
(v)  The inability to apply certain reactive auxiliaries          from 
aqueous media. 
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  Further details of the general aspects of processing textile 
materials can be found in review articles in the          literature (e.g. 
1, 2, 3, 4, 5). 
 
1.1.2 Processing Machinery 
 
  Rotary drum machines or specialised open width 
machinery are available for the treatment of textile fabrics               
and garments in solvent. This thesis will be concerned              solely 
with processing of wool in rotary drum machines. 
  A modern drum machine contains a rotating perforated 
cylindrical steel basket or cage mounted on an axis. In         most 
models, three or four ribs protrude horizontally around  the inside of 
the cylinder. These serve to agitate the wool material by lifting it out 
of and then dropping it back into          the solvent with each 
revolution (6). A schematic diagram             of a typical solvent 
machine is shown in Figure 1 - 1. 
  Modern machines operate on a completely dry to dry basis. 
Garments are loaded into the cage and then solvent introduced. After 
processing, most of the solvent is              removed by centrifuging 
and is returned to the storage tank. The solvent remaining on the 
garments is recovered by condensation during hot air drying. When             
tetrachloroethylene (commonly known as perchloroethylene)         is 
used as the solvent, recovery is important because of              its high 
cost and toxicity. The distillation unit               incorporated within 
the machine serves to regenerate clean solvent from contaminated 
treatment liquors. 
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1.1.3 Advantages and Disadvantages of Solvent Processing 
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  The advantages of solvent processing relative to aqueous 
processing are (2); 
(i)  A complete dry to dry operation is obtained in one 
 compact, easily installed automatic unit. 
(ii)  Solvents do not normally cause swelling or shrinkage  
          of fibres. Consequently, mechanically produced  
 surface effects are not altered. 
(iii)  Solvent machines consume a minimal amount of water and 
there is no discharge to the sewers of liquors containing 
dyestuffs, soaps and oils. 
(iv)  Relaxation shrinkage and milling can be controlled  
 to a higher degree than that normally obtained with aqueous 
systems. The water content of the solvent  
 can be closely regulated. 
(v)  Textiles wet out instantaneously in solvent. Also, immediate 
solubilisation of oils, greases, waxes and lubricants occurs. 
This leads to higher production  
 rates in scouring. 
(vi)  Reactive polymers soluble in solvent and reactive  
 to water can be applied to obtain special effects  
 such as shrinkproofing. 
 The disadvantages of processing textiles in solvent  
are (2); 
(i)  The cost of new equipment, retraining of operators  
 and the need for more highly skilled technicians. 
(ii)  The uncertain attitudes of many governments to the tolerance 
limits of volatile solvent pollutants. 
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(iii)  Processes requiring ion transport*, e.g. wool dyeing, cannot be 
carried out in pure solvent. 
 
1.1.4 Choice of Solvent. 
 
  The choice of solvent for solvent processing equipment 
usually lies between the three chlorinated hydrocarbons, 
perchloroethylene, trichloroethylene and             l,l,l-trichloroethane 
(2,3). The requirements of low cost,             high stability, easy 
recovery, non-flammability, low  
toxicity and suitable physical and chemical properties have resulted 
in an overwhelming preference for these three  
solvents (5). White spirit, (a petroleum hydrocarbon  
fraction of boiling range 150° - 200°C) is used widely  
for drycleaning in many countries, but is unsatisfactory  
from the point of view of flammability. Further, because  
of the high recovery temperature, dry to dry machines are difficult to 
construct and complete removal of solvent from  
the material is difficult (2). 
  Stability to steam distillation and drying favours 
perchioroethylene. Perchioroethylene decomposes to organic acids 
and hydrochloric acid (which can create corrosion problems in 
machinery) under the action of atmospheric  
oxygen and water only at temperatures above 150°C; temperatures 
of 120°C and 90°C respectively are 
                                                 
* Ion transport can be brought about by emulsifying water                     in 
the solvent, but for rotary drum machines, wool  
materials must be shrink resistant unless a low                        
concentration of water (less than five percent on the                             
mass of wool) is used. 
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required for decompositon of trichloroethylene and                   1,1,1-
trichloroethane (7). 
  Trichloroethylene is favoured in the cleaning of materials 
containing large concentrations of grease and oil  
such as industrial uniforms and wool pelts (2). This is  
because it has a high solvency power and because grease has  
a lesser effect on its distillation rate than perchloroethylene. 
  However, perchloroethylene is considered to have the most 
desirable range of properties (2). It is the most  
widely used solvent and most machinery manufacturers are 
designing their equipment for use with this solvent. For  
the remainder of this thesis, the term solvent is used to  
describe perchloroethylene, unless otherwise specified. 
  In summary, the widespread use of solvent in textile 
processing was stimulated by a better understanding of the 
relationships between emulsified water and solvent liquor 
temperature on the milling of wool knitwear in perchloroethylene. 
This, coupled with the introduction of  
large automatic dry to dry batch machines has led to the 
development of a number of solvent textile treatment  
processes as alternatives to aqueous methods. Perchloroethylene is 
the major solvent used because of its advantages in solvent power 
and stability. The reduction  
of shrinkage hazards by the relative absence of water has  
been of particular benefit to wool. 
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1.2 The Distribution of Water between Textile Materials  
 and Solvent 
 
  Quantitative studies of water distribution and water 
sorption by fabric in solvent/water/detergent systems have generally 
been restricted to the range of water  
concentrations used in drycleaning. That is, a maximum of  
two percent water on the mass of textile material present  
has been added*. Furthermore, high liquor to wool ratios (termed 
‘infinite baths’) have generally been used to  
minimise the effect of multiple aliquot sampling on liquor volume. 
On the other hand, milling effects are only  
obtained when ten to twenty—five percent water** on the mass of 
textile material present is added to the liquor (4,8).  
Also, low liquor to wool ratios are recommended for milling. 
Studies on the distribution of water between solvent and  
textile fibre in drycleaning systems, however, have some relevance 
to this thesis and are briefly reviewed in  
sections 1.2.1 and 1.2.2. 
  The most commonly used model surfactant has been 
sodium bis-2-ethylhexyl sulphosuccinate, (NaDEHSS). It is readily 
obtained in a near pure form and its chemical  
structure known. Further, it has been recommended as an 
                                                 
* This produces a total water content in the system of twelve to seventeen 
percent on the mass of textile material because the preconditioned wool usually 
contains ten to fifteen percent moisture depending on the ambient conditions. 
 
** Similarly to previous footnote, the preconditioned wool contains ten to fifteen 
percent moisture so that a total of twenty to forty percent moisture content on 
the mass of wool will be present. 
 9
excellent drycleaning detergent (9). Earlier workers used Stoddard 
solvent, a standardised form of white spirit (10)  
for studies on water distribution in drycleaning systems.  
As mentioned in section 1.1.4, white spirit is being  
replaced by perchlorethylene in industry and the latter  
solvent has been used in recent studies. 
 
1.2.1 The Relation between Fibre Moisture Content and Solvent 
Relative Humidity 
 
  When water is added to a sealed system containing solvent, 
surfactant and a textile material, the water will exchange between 
the solvent liquor, the textile material  
and the surrounding air until an equilibrium is reached.  
Thus, the solvent liquor acquires a characteristic relative humidity, 
termed ‘solvent relative humidity’, which is equivalent to the 
relative humidity of the air in contact  
with the solvent (11). Consequently, the moisture content  
of the fabric in the solvent containing solubilised water  
should be the same as if it was suspended in the vapour  
phase above the solvent solution (15). Hirschhorn and Matthews 
confirmed this relation for humidities below eighty percent (12). 
However, their studies with rayon fabric at  
solvent relative humidities in excess of eighty percent  
showed that fabric immersed in solvent absorbed more water than 
the fabric in air at the same relative humidity. The difference 
became greater with increase of temperature.  
Kido et al (13) obtained equilibrium water sorption data  
for wool, rayon, silk and nylon 6 in a variety of solvents 
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in the absence of surfactant. Sigmoidal sorption isotherms, similar to 
those in air, were obtained. 
  The relationship between the equilibrated water content of 
wool and the ambient relative humidity is shown  
in Figure 1-2. Although the isotherm was obtained in air  
at 30°C (14), the same relationship will apply to wool  
fabric in a solvent/water/fibre system at equilibrium (13).  
In drycleaning, the solvent relative humidity is maintained  
at a predetermined maximum limit of seventy-five percent for  
most articles (11). In Figure 1 - 2, this corresponds to approximately 
fifteen percent moisture content. In solvent milling, water additions 
of ten to twenty - five percent  
(o.m.f.*) produce a total water content of twenty to thirty –  
five percent (the wool for example being initially at ten  
percent regain), so that a solvent relative humidity in the  
range ninety to one hundred percent is obtained. 
 
1.2.2 Factors Affecting Water Distribution in 
 Solvent/Fibre/Water Systems 
 
  Toureille et al (16) studied the water sorption 
characteristics of wool, nylon 66 and cotton fabrics in 
perchloroethylene containing surfactant. Water, in concentrations of 
up to twenty percent (o.m.f.) were added  
to the liquor containing the fabrics whose initial regain  
was zero. They observed that water sorption was increased  
by agitation and that the equilibrium sorption of water by 
                                                 
* o.m.f. = on dry mass of fabric. 
 11
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the fibres was increased when the ratio of liquor to  
textiles and/or the surfactant concentrations were reduced. Liquor 
temperature was found to have no effect on water distribution. 
  Von Hornuff and Mauer (17) carried out similar studies on 
wool and cotton. They also found that high  
surfactant concentrations reduced the sorption of water by  
fibre. 
  The essential feature of studies on the distribution  
of water between fibre and solvent carried out to date is  
that they have been restricted to those levels of water used  
in drycleaning. In many instances, artificially high ratios  
of liquor to textile material have been used. The  
relationship between solvent relative humidity and fibre moisture 
content was found to be similar to that between  
air relative humidity and fibre moisture content. 
  Factors affecting the partition of water between solvent 
and fibre were found to be surfactant concentration, liquor/fibre ratio 
and agitation. 
 
1.3 Determination of Water in Organic Solvents and Textile 
 Materials 
 
  The study of water distribution in a non-aqueous medium 
containing textiles requires a determination of the water content of 
the textile material, the solvent and the  
air above the solvent. 
  In the drycleaning industry, operators are concerned with 
maintaining a maximum limit of water in the system. 
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This is necessary to minimise shrinkage of textile materials  
and is usually achieved by maintaining the solvent relative humidity 
at seventy-five percent relative humidity (15). Because an 
equilibrium develops between the fibres, solvent and air with respect 
to water exchange, control of solvent relative humidity provides an 
indirect control of the  
moisture content of the textiles (this is assuming that the solvent 
temperature and surfactant concentration remain constant during 
batch to batch processing). The control  
system operates on the measurement of solvent conductivity  
or air relative humidity. Water is injected automatically  
to maintain the relative humidity at a preset level. 
  The methods and instruments used for control of water 
content in drycleaning machines do not have the accuracy required 
for more fundamental studies on fibre/water/solvent systems. The 
literature contains many methods for moisture determination in 
solvents and textiles. Separation,  
(especially oven drying, distillation or absorption) has  
been the basis of mo routine methods (18). The literature  
was surveyed to find the most suitable method for accurate routine 
analysis of water in textile materials and solvent.  
The wool fibre presents special problems in moisture  
analysis and this subject is discussed in section 1.4. 
 
1.3.1 Gravimetric Analysis 
 
  Oven drying is probably the oldest method for the 
determination of moisture in textile materials. Usually,  
a gravimetric measurement of mass loss is made at 
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temperatures near the boiling point of water. Gravimetric methods 
are time consuming and they do not differentiate between water and 
other volatile matter. Also, drying is  
limited by the humidity conditions in the oven (18). Improvements 
can be made by the use of circulating hot air  
or vacuum ovens. A standard oven drying method exists for  
the moisture determination of textiles (19). Recently, the  
oven drying approach has been improved by the use of automatic 
thermogravimetric methods (20). 
 
1.3.2 Distillation Methods 
 
  Distillation methods have been widely used in the soap, oil 
and related industries. In general, these  
procedures depend on a heterogeneous azeotropic distillation with 
organic halides or hydrocarbons in which the water, separating as a 
separate phase in the distillate, is  
measured volumetrically. 
  The best known and most widely used of the distillation 
methods is that of Dean and Stark (22).  
Essentially, the solvent is refluxed in a flask and the  
water collected in a graduated receiver. Modifications to  
the apparatus have been designed by a number of  
investigators (e.g. 23, 24, 25) to increase accuracy or to determine 
water in specific materials. An apparatus  
designed to determine small amounts of moisture in fibrous 
materials including wool is available (24). When trace quantities of 
water are required to be determined,  
azeotropic distillation followed by a Karl Fischer titration  
(see section 1.3.4) can be used (20). 
1.3.3 Gas Chromatography 
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  Gas chromatography has generally replaced distillation as 
a separation technique for the determination  
of water in hydrocarbons (21). Problems with distillation  
can be experienced when unwanted azeotropes are formed between 
interacting components. Jo mutual interference of  
this nature has been reported in gas chromatography (21). Recent 
developments in instrumentation of gas chromatographs have made 
this method suitable for determination of water  
in many substances. 
  Direct measurement of traces of moisture in a sample is 
difficult because broad unsymmetrical peaks are obtained; therefore 
the measurement is made indirectly by reacting  
the water with calcium carbide (see also section 1.3.4) and 
measuring the amount of acetylene evolved via the chromatograph 
(21). 
 
1.3.4 Chemical Methods 
 
When calcium carbide is exposed to water, acetylene is liberated 
rapidly; 
CaC2 + 2H2O → C2H2 + Ca(OH)2   …..(1-1) 
  The acetylene can be measured manometrically, 
calorimetrically as cuprous acetylide or gravimetrically  
after conversion of cuprous acetylide to cuprous oxide by ignition 
(18). 
  Commercially available instruments for determining water 
concentrations using calcium carbide usually employ 
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a manometric method for indication of the water content.  
A pressure gauge on a sealed container indicates the maximum 
pressure obtained from the acetylene evolved (26). The advantage of 
the method is its speed and simplicity.  
Standard times and temperatures, however, must be  
established for each type of material analysed, e.g. two  
minutes for salt, fifteen minutes for organic solvents. Low 
extractability affects the accuracy of the method. For  
example, difficulties in extracting all of the water from a standard 
hydrate were reported (26). 
  In 1935, a water determination method of unusual 
simplicity was described by Karl Fischer (27). His reagent,  
a solution of iodine, sulphur dioxide and pyridine in  
methanol has been the basis of the most widely applicable  
and one of the most rapid titrimetric procedures available  
for the determination of any quantity of water in organic  
and inorganic materials (18). The method has been used as a 
standard for comparison with other methods by many investigators, 
especially where trace quantities of the  
order of a few parts per million were involved. The  
technique can be used to determine moisture in solids  
including textile materials, as well as liquids (28). This  
makes it a particularly useful method for water equilibrium studies 
in solvent/water/fibre systems. Indeed, a survey  
of the literature indicates that the method has been used  
almost exclusively for these studies. 
  The original Karl Fischer reagent consisted of a mixture of 
sulphur dioxide, iodine, pyridine and methanol. 
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The main reaction in methanol appears to proceed in two distinct 
steps (29); 
 
 
  The endpoint is indicated by the appearance of the brown 
colour of free iodine but it is preferable to  
determine the endpoint electrometrically. The operation  
of the apparatus will be described in the Experimental  
section. 
  Pyridine is highly reactive and forms additional chemical 
compounds with one or more components of the reaction mixture 
(30). The original Karl Fischer reagent  
aged rapidly and had to be constantly standardised against a primary 
standard hydrate e.g. sodium tartrate dihydrate.  
An improved Karl Fischer reagent was developed in which methyl 
cellosolve was substituted for methanol and this gave the reagent 
greater stability (31). 
  In summary, the following conclusions for methods for 
determining water in liquids and textile materials can  
be made; 
(i)  Instruments used for the control of water content in 
drycleaning processes are not sufficiently accurate  
 for fundamental studies of water distribution between solvent 
and fibre. 
(ii) A number of suitable techniques are available for the  
 determination of water in liquid and/or solid 
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materials. These include oven drying, distillation,  
gas chromatography and a number of techniques associated 
with the reaction of water with calcium carbide. 
(iii)  The Karl Fischer method is ideally suited for the 
 determination of moisture in liquids and textile 
 materials. As a result, it has been the most widely  
 used method in studies of water distribution in 
solvent/water/fibre systems. 
 
1.4 Removal of Moisture from Wool 
 
 Accurate determination of moisture in textiles and 
especially wool, depends on the complete extraction of  
water. Difficulties are experienced in removing all of the  
water from wool because water is firmly bound to the fibre  
at low moisture contents. 
 
1.4.1 The Binding of Water to Wool 
 
  The activation energy of drying of wool increases 
markedly with decreasing moisture content (32). At low moisture 
content, water molecules are held largely on high energy hydrophilic 
sites. A key role played by water – NH3+ bonds was demonstrated by 
partial acetylation of the amino sites (33). As expected, the 
activation energy of drying  
was less for the modified wool. Similarly, a major role  
played by water - COO− bonds was demonstrated after esterification 
of the carboxyl groups (34). The amino and 
 
carboxyl groups account for seventy percent of water binding  
at low humidities (34). The remainder of the water is  
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believed to be bound to hydroxyl, amide and peptide  
groups (35). 
 
1.4.2 Methods of Moisture Extraction from Wool 
 
  The drying of wool in vacuum at various temperatures has 
been studied in order to obtain maximum water removal without 
degrading the fibre. Several workers have  
demonstrated that dry keratinous materials show a strong resistance 
to heat (36, 37, 38). The absolute dry mass of  
wool was defined as that obtained by heating for ten minutes 
between 140°C and 150°C. The difference between drying  
in air at 105°C as in the standard method (19) or in  
vacuum at 105°C is of the order of 0.2 percent.  
Increasing the temperature in vacuum to between l400° - 
150°C removes an additional 0.02 percent water (32). 
  A thermogravimetric technique has been used to dry wool 
and a minimum temperature of 180°C for complete water removal 
claimed (39). Appreciable degradation, however, occurs above 
160°C, resulting in a mass loss not  
attributable to a loss of water (32). 
  When determining moisture in wool by the Karl Fischer 
method, a preliminary extraction of water in the usual  
solvent, methanol, was found to be incomplete (39).  
Complete extraction of water by formamide with minimal heating 
has been claimed (40). Consistently higher moisture values were 
obtained than by oven drying at 105°C, the 
 
 
difference being approximately 0.2 percent. This is  
theoretically comparable to the extraction obtained in  
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vacuum at elevated temperatures. Moisture determinations  
of wool samples immersed in solvent and based on this method (40) 
are described in the Experimental section. 
  This section has reviewed the problems associated with 
removing the final traces of water from wool fibres.  
The problem arises because the water molecules are held by high 
energy hydrophilic sites. The determination of the  
total water content of wool fibres from the absolute dry  
mass of wool obtained by vacuum drying at elevated temperatures 
presents some problems. Water may be extracted completely from 
wool fibres by treatment with formamide.  
This has been coupled with the Karl Fischer technique to provide a 
method for the accurate determination of the total moisture content 
of wool. 
 
1.5 The Role of Water and Surfactant in Solvent Processing 
 
  Although the processing of wool in solvent implies the 
relative absence of water, its presence in controlled  
amounts is required in operations such as drycleaning,  
milling and solvent dyeing with ionic dyes. In these  
processes, surfactant is required to solubilise and/or  
disperse the water in the solvent medium. The functions  
of water and surfactant have been studied in drycleaning  
(41, 42) and dyeing (43) systems. The results of these  
studies are reviewed below. 
 
1.5.1 Drycleaning 
 
  In drycleaning, soil removal requires the presence  
of both water and surfactant (41, 42). Cleaning efficiency  
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has. been studied extensively (e.g. 41,42,44). In solvent systems, 
investigations have been concentrated on solvent insoluble soils 
since solvent soluble soils present few  
problems (44). Typical model substances studied as solvent 
insoluble, water soluble soil include glucose and sodium chloride. 
Here, chemical determination of the soil in the substrate before and 
after cleaning can be directly related  
to the cleaning efficiency (44) . Model substances for water 
insoluble dirt include carbon black and graphite. Staining  
of the substrate before and after cleaning is assessed by  
changes in reflectance of the test sample (44). 
  The mechanism of the cleaning section on water soluble 
dirt has been the subject of many studies (e.g.  
41, 42, 45). The water which is solubilised or adsorbed on  
the interior surface of the surfactant micelle is in turn  
capable of carrying hydrophilic (water soluble) substances  
into the micelle. Successful cleaning depends upon the  
extent to which the water containing the contaminant is removed 
from the fibre and returned to the surfactant  
micelles in the bulk of the liquor (42). 
  At constant surfactant concentration, the cleaning 
efficiency increases with increasing water concentration.  
This occurs because more water is available at the  
fibre/liquor interface to remove soil (41). At constant 
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water concentration, cleaning efficiency increases with increasing 
surfactant concentration because of the increased capacity of the 
liquor to accommodate the water containing  
the dissolved contaminants (41). Optimum surfactant concentrations 
are orders of magnitude higher than the  
critical micelle concentration so that the latter appears  
to play no role in drycleaning (41). 
  Suitable surfactants for drycleaning must be soluble  
in solvent and have a large water solubilising rather than dispersing 
capacity (15, 42). In theory, almost any oil  
soluble surfactant can function as a drycleaning detergent provided it 
forms a colloidal solution in hydrocarbon  
solvents (46) . The following general classes of surfactants  
have been found in commercial drycleaning products by analyses 
made at the National Institute of Drycleaning (46); soap - fatty acid 
mixtures, sodium sulphosuccinates, petroleum sulphonates, sodium 
alkylarene sulphonates, amine alkylarene sulphonates, sorbitan 
esters, ethoxylated alkanolamides, ethoxylated phenols and 
ethoxylated phosphate esters. 
  Proprietary products usually contain mixtures of surfactant 
types and auxiliaries which are formulated for  
rapid dissolution in solvent (46). The concentration of  
active ingredients in commercial preparations ranges from  
forty to ninety percent (46). 
  For wool garments, drycleaning is carried out under 
conditions which minimise felting. Cleaning in the presence  
of excess water (arising from e.g. operator errors, days  
of high humidity or the incorporation of damp garments in 
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the cleaning load) has long been recognized as the major reason for 
shrinking and felting of garments (47,48). In drycleaning (as 
described in section 1.3), the moisture content of garments is 
indirectly controlled by maintaining the solvent relative humidity 
below seventy - five percent. 
 
1.5.2  Ionic Dyeing in Solvent 
 
  When ionic dyes are used to dye textile fibres in 
perchloroethylene, water for dissolving, distributing and transferring 
the dye must be present (43). A suitable  
surfactant enhances the role of water by dispersing it  
uniformly in the solvent liquor. This results in increased  
dyeing rate up to an optimum surfactant concentration.  
Beyond the optimum concentration, the dyeing rate decreases, 
because of the increased capacity of the liquor to  
solubilise the water and therefore to retain the dissolved  
dye (43). 
  The role of surfactant in influencing the water transport 
process in dyeing with ionic dyes in organic  
solvent is very similar to its role in milling of wool in  
solvent in the presence of added water. The role of  
surfactant in solvent milling is discussed in detail in  
section 1.6 and in the Results and Discussion. 
  To summarise, the above discussion has outlined the 
difference between drycleaning and solvent dyeing with ionic dyes 
with respect to the partition of water between fibre  
and solvent and the role of surfactant. In drycleaning, 
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the surfactant is required to solubilise most of the added  
water so that its distribution between solvent and fibre  
is in favour of the solvent. In solvent dyeing, the water  
acts as a carrier for water soluble dyes and the surfactant  
is designed to disperse the water in the solvent so that  
water distribution between solvent and fibre is in favour  
of the fibre. 
 
1.6 Milling of Wool in Perchloroethylene/Surfactant/Water/ 
 Systems 
 
  In solvent milling, a wide range of effects can be obtained. 
These can range from elimination of relaxation shrinkage to the 
production of a dense felt (47). Normally,  
the finish required is that of a low and controlled fabric shrinkage, 
producing a partial concealment of the woven or knitted structure. 
These changes are brought about by the combination of moisture, 
heat and mechanical action. 
  The role of the water is to promote felting and the purpose 
of the surfactant is to disperse the water evenly  
in the solvent, allowing uniform absorption of water by the wool and 
uniform shrinkage of the wool garments (47).  
Unlike drycleaning systems, the water equilibrium is in  
favour of the textile material rather than the liquor. Consequently, it 
has been generally accepted that  
surfactants suitable for drycleaning may not be suitable  
for solvent milling. Results presented in this thesis  
suggest otherwise. 
 
1.6.1 Variables in the Milling Process 
 
  The important factors controlling felting in the  
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solvent milling process have been identified (47, 48). 
 
1.6.1.1 Water Content of Solvent 
 
  This is a. principal factor controlling milling. At ambient 
temperatures, only relaxation or consolidation  
effects are observed below ten percent water addition on  
the mass of conditioned wool*. Actual milling commences  
at approximately ten percent and reaches a maximum at twenty to 
twenty - five percent water on the mass of conditioned  
fibre (4,8). A guide to the effect of water concentration  
at a temperature of 20 - 30°C (47,48) can be seen below; 
Effect      Water Addition (on mass of 
              conditioned wool). 
 
Relaxation and consolidation   5 - 10% 
Mild milling effects 10 - 12% 
Moderate milling effects 12 - 16% 
Heavy milling effects 16 - 20% 
  At temperatures above 30°C, the quantity of water 
required to achieve the desired finish is reduced. The quantitative 
relationships between water concentration and solvent temperature 
are discussed in the Results and  
Discussion (see sections 3.3.4 and 3.3.5). 
                                                 
* In milling practice, water content is expressed as a percentage on the mass of 
conditioned wool as produced by the ambient conditions. For alI work, the wool 
was conditioned to fourteen percent moisture before milling, but water added to 
the liquor was expressed as a percentage on the mass of dry wool. 
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1.6.1.2 Solvent Temperature 
 
  Within the range 20 - 30°C, the milling effect is considered 
to be independent of temperature (47). In  
Australia, equilibrium operating temperatures of 30 - 35°C  
are generally found. The solvent temperature, however, can  
fall to well below 20°C after standing overnight in the  
storage tank so that the solvent needs to be warmed for the  
first batch. This can be achieved by pre-heating the cage  
(by switching on the fan and heater) or by fitting a steam  
jacket on a solvent circulation line (47). 
 
1.6.1.3 Surfactant Type and Concentration 
 
  Commercial milling assistants are used to emulsify the 
water rapidly and uniformly in the solvent. They are designed to 
form fine stable emulsions or dispersions, yet  
have a minimal affinity for the added water (47). 
Information on the types of surfactant in the commercial 
formulations is not readily available. 
  Most surfactants have fibre softening or lubricating 
properties and are often deliberately applied to the textile materials 
to improve the handle. Cationic surfactants are frequently preferred 
because they have an affinity for the  
wool fibre and are absorbed onto the wool during the milling process 
(49). Some surfactant, irrespective of its ionic character, will always 
be applied to the textile material  
during milling because a residue of solvent always remains  
on the material after extraction and before drying (47). 
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Improvements to the softening effect may be obtained, therefore, by 
increasing the concentration of surfactant in the milling liquor or 
increasing the mass of solvent retained by the garments before 
drying. 
 
1.6.1.4 Severity of Mechanical Action 
 
  Mechanical action is governed by the mass of garments in 
the machine, the level of solvent in the cage and the  
rotation of the cage. Generally, the degree of milling  
increases with low liquor to wool ratio provided the  
garments are fully saturated. In milling, the load size  
must be limited to about half of what is permissible in drycleaning 
or scouring processes in order to obtain reproducible and uniform 
effects. Milling is directly  
related to the time of agitation. Cage reversal during  
milling to reduce tangling of the garments reduces  
mechanical action so that longer times are required to  
produce the required milling effect (47). 
  Although the machine and liquor formulation parameters 
can be controlled, the milled effect will vary appreciably on 
garments of differing construction. The  
final choice of conditions employed is guided by the  
following garment properties (48); 
(i)  The wool quality with respect to the final handle required. 
(ii) Increased yarn twist which makes milling and raising more 
difficult. 
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(iii) Increased knitting tension which also makes milling  
 more difficult. 
(iv)  Colour, which affects milling characteristics in a complex 
way. Normally, garments are classified into 
 colour groups. 
 
1.6.2 Solvent Milling Patents 
 
  Most of the literature concerning solvent milling  
is restricted to patents. The first patent (50) to be  
issued claimed water concentration as the major controlling factor of 
the milled effect. Five to twenty percent water  
(o.m.f.) was dispersed in the solvent in the presence of  
a surfactant whose concentration was sufficient to stabilise  
the water dispersion but less than that required to  
solubilise it. Cage rotation time was five to twenty  
minutes to obtain the required milled effect. Temperature formed the 
basis of a subsequent process whereby water and surfactant 
concentrations were fixed and the liquor  
temperature varied to obtain the required milled effect  
(51). For example, the recommended procedure for fine wools 
was to heat the solvent to 55 - 70 C during the addition  
of five percent water and two percent emulsifier and to 
agitate at the selected temperature for seven minutes. In a  
third patent (52), a high concentration of surfactant was  
used to maintain the solvent relative humidity between  
seventy - five and one hundred percent relative humidity. Solvent 
temperature was maintained between 26 - 33°C and 
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different milling effects obtained by varying the time of mechanical 
action. In a further patent (53), moisture in  
the form of steam, was introduced to tumbling garments prior  
to the entry of solvent. An improved distribution of  
moisture was claimed because the problems of water transport from 
a solvent dispersion were eliminated. 
 
1.6.3 Shrinkage in Drycleaning and Milling 
 
  There is little quantitative data available in the literature on 
the felting of wool in solvent/surfactant/  
water systems. The effect of water concentration on the shrinkage of 
wool fabric in drycleaning at normal  
temperature has been determined (4,8). Shrinkage was shown  
to be appreciable when water addition exceeded ten percent (4,8) on 
the mass of conditioned wool*. Shrinkage was shown to increase in 
the presence of surfactant (8). The  
increased felting rate was attributed to a more efficient dispersion of 
water in the solvent, thus rendering it more  
readily available for uptake by the fabric (54). 
                                                 
* McPhee and Preston (8) expressed water addition on the mass of dry wool 
although the wool was conditioned (65 percent relative humidity, 20°C, 14.0 
percent moisture) prior to entry into the solvent, i.e., 10 percent would represent 
a total of 24 percent water on dry mass of wool. 
 
Whewell (4) expressed water addition on the mass of the conditioned wool, i.e. 
10 percent addition would represent a total of 25.4 percent water on dry mass of 
wool. 
 
This difference is small, so that the results obtained were in close agreement. 
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Appreciable shrinkage is unlikely to arise in drycleaning  
(54). However, if wool is mixed in a load containing low  
water absorbing textiles, e.g. polyester garments, severe shrinkage 
could occur under normal drycleaning conditions 
(55) 
  This review of the literature reveals a marked lack  
of quantitative information on the solvent milling process. While the 
major variables have been defined, information  
on their relative effects in milling is not available. Consequently, 
under industrial conditions, the reasons for  
batch to batch differences in milling effects are not fully understood 
by production personnel. This lack of  
information has also meant that manufacturers often deliberately err 
on the conservative side for water  
concentration and milling conditions such as time and liquor levels. 
Each batch is inspected and a decision made to  
cease or continue milling in the machine. The principal  
reason for this study therefore has been to provide the  
textile processor with a better appreciation of the  
quantitative aspects of solvent milling. This should lead  
to a more positive approach to the operating conditions and  
the formulation of milling liquors. 
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2. EXPERIMENTAL 
 
2.1 Materials 
2.1.1  Fabric 
 
  A plain weave pure wool worsted fabric, (153 g/m2, 10 
picks and ends/cm, 2/30 tex yarn with both single and   
two - fold twists of 3.9 turns/cm) having a high tendency to shrink 
was used in all experiments. The grease content (56)  
was 0.61% and the pH of an aqueous extract (57) was 6.4. 
  A coloured thread was woven into the fabric to produce a 
square (approximately 10 cm x 10 cm*) from which shrinkage was 
determined. 
 
2.1.2  Solvent 
 
  Freshly distilled perchloroethylene, b.p. 121°C, (I.C.I., 
‘Perklonev’, commercial grade) was used in all work apart from a 
few experiments carried out with a commercial grade of white spirit, 
boiling range 150° - 200°C (Mobil  
Oil Co.) as used in drycleaning. 
 
2.1.3  Reagents 
2.1.3.1  Karl Fischer Reagent 
 
  The analytical grade Karl Fischer Reagent (BDH 
Chemicals) consisted of a mixture of iodine, sulphur  
dioxide, methyl cellosolve and pyridine, in accordance with  
the specifications of Peters and Jungnickel (31). 
                                                 
* The fabric dimensions were measured to the nearest 0.1 cm. 
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2.1.3.2 Surfactants 
  
  These are listed with their nominal purity (where 
available), as specified by the manufacturer. The 
determination of surfactant purity (w/w) is described in  
section 2.3.2. 
 
(i)  Sulphosuccinate Esters 
 
Sodium di-isobutyl sulphosuccinate (Chem. Service Inc., Media, Pa., 
U.S.A.), purity unspecified. 
  The following were obtained from Cyanamid, U.S.A., 
and were of commercial grade. 
Sodium di-amyl sulphosuccinate, (Aerosol AY), 100%. 
Sodium di-methylamyl sulphosuccinate, (Aerosol MA), 80%. 
Sodium di-2-ethylhexyl sulphosuccinate*, (Aerosol OT), 100%. 
Sodium di-tridecyl sulphosuccinate, (Aerosol TR), 100%. 
 
(ii)  Petroleum Sulphonates 
 
  These were obtained from Chem. Service Inc., Pa., 
U.S.A. and their purity was unspecified. 
Sodium petroleum sulphonate, molecular weight 350. 
Sodium petroleum sulphonate, molecular weight 450. 
Sodium petroleum sulphonate, molecular weight 513. 
 
(iii)  Nonylphenol Ethylene Oxide Adducts 
 
  These were obtained from I.C.I. Australia and had  
a nominal purity of 100%. 
                                                 
* This surfactant was the most frequently used in experiments and was 
designated as NaDEHSS. 
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Nonyiphenol — 2 moles ethylene oxide*, Teric N2. 
Nonylphenol — 5 moles ethylene oxide, Teric N5. 
Nonyiphenol — 10 moles ethylene oxide,Teric NlO. 
Nonyiphenol — 20 moles ethylene oxide, Teric N20. 
 
(iv)  Sorbitan Esters 
 
  These were received from I.C.I. America Inc. and had a 
nominal purity of 100%. 
 
Sorbitan monolaurate, Span 20. 
Sorbitan monopalmitate, Span 40. 
Sorbitan monostearate, Span 60. 
Sorbitan monooleate, Span 80. 
 
2.2  Equipment 
2.2.1   Drycleaning Machine 
 
  An industrial drycleaning machine, (Donini International, 
model ll00FM, Bologna, Italy), was used to assess the rate and 
extent of milling of the test fabric  
used in this investigation. The data obtained was  
subsequently used to determine the conditions required in  
a laboratory Launderometer (see section 2.2.2) to produce similar 
effects.** The Launderometer was then used for all subsequent 
experimental work. 
                                                 
*    Moles of ethylene oxide per mole nonylphenol. 
 
** The correlation between the drycleaning machine and the    
     Launderometer is described section 3.2.1. 
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Milling in the drycleaning machine was carried out  
under standard commercial conditions; 15 kg of fabric, liquor 
volume 100 litres, the recommended quantity of a commercial 
milling surfactant (10 g/l Avivan WA*, Ciba- Geigy) and various 
quantities of water. The standard  
milling cycle was; 
 
(i)  4 minutes ‘scour’ in liquor (cage turning at 40  
 r.p.m.). 
(ii)  2 minutes drain, cage speed 40 r.p.m. 
(iii)  1 minute extraction, 200 r.p.m. centrifuge to 100%  
 liquor pick-up, w/w. 
(iv) 12 minutes tumble, cage speed 40 r.p.m. 
(v)  Drying at 70°C, 30 minutes, with cage reversal,  
 40 r.p.m. 
 
2.2.2   Launderometer (Atlas Electric Devices Co., U.S.A.) 
 
  This machine, specified in standard drycleaning shrinkage 
testing (5 was used to simulate milling in the drycleaning machine. 
It consists of a metal frame rotating  
at 40 r.p.m. in a thermostatically controlled water bath.  
Sealed one litre cannisters containing solvent liquor and samples 
were mounted on the frame. 
                                                 
*  A cationic milling aid of unknown formulation. 
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2.3 Test Methods and Procedures 
 
2.3.1   Determination of Water Content by Karl Fischer  
Titration 
 
  The Karl Fischer apparatus (Metrohm AG, Switzerland) is 
shown in Figure 2 - 1. The equipment is described in  
detail in the manufacturer’s manual (59). 
  Direct titration of the sample solution with Karl Fischer 
reagent was carried out. The first permanent  
appearance of iodine (see equation 2 - 1 which is simplified from 
equations 1 - 2 and 1 - 3 into one step and without the bound 
pyridine) was detected electrometrically; 
 
SO2 + I2 + 2H2O → 2HI + H2SO4     …..(2 - 1) 
 
At the endpoint, a rapid increase in the electrode current  
(21) was registered by the deflection of the microammeter needle 
(59). The endpoint stability period was set at  
thirty seconds. 
 
2.3.1.1 Determination of Water Equivalence of Karl Fischer 
Reagent 
 
  The reagent is supplied with an approximate equivalence 
of 5 mg water per ml of reagent. A more precise determination was 
made using sodium tartrate dihydrate whose water content is 
15.66%. A weighed amount of sodium  
tartrate was entered into the titration vessel and the water content 
titrated. The water equivalence of Karl Fischer  
reagent was given by: 
 36
 
 
 
 
 37
 
mg H2O/ml KFR = 0.1566 x M (mg)/T(ml)   ……(2-2) 
 
where M = mass of sodium tartrate, T = titre, KFR = Karl Fischer 
reagent. 
 The equivalence value was checked at weekly  
intervals. 
 
2.3.1.2 Determination of Water Content of Solvent 
 
  Aliquots of milling liquor were pipetted into the titration 
vessel and titrated against Karl Fischer reagent.  
The water content was calculated using the equivalence value found 
in 2.3.1.1. 
 
2.3.1.3  Determination of Water Content of Surfactant 
 
  A weighed amount of surfactant was dissolved in a 
suitable solvent* (ethanol or perchloroethylene) of known  
water content and made up to volume in a volumetric flask.  
The water content of the surfactant solution was then found  
by titrating with Ka Fischer reagent. Subtraction of the  
solvent water content produced the surfactant water  
content. 
 
2.3.1.3 Determination of Water Content of Wool 
 
  The method was based on the published procedure of 
Wilson and Sandomire (40). Single samples of wool of known 
 
                                                 
* Di-isobutyl, di-amyl and di-methylamyl  
  sulphosuccinates were dissolved in ethanol; the other  
  surfactants were dissolved in perchloroethylene. 
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moisture content* were immersed in 200 ml of dimethylformamide, 
then heated in stoppered flasks for 15 minutes at 70°C. The flasks 
were then mechanically shaken while cooling to room temperature. 
Aliquots of dimethylformamide were titrated for water content.  
Subtraction of the initial dimethylformamide water content produced 
the wool moisture content, which was expressed as a percentage of 
the dry mass. This is discussed further in  
section 3.1.2. 
 
2.3.2  Determination of Surfactant Purity 
 
2.3.2.1  Nonionic Surfactants 
 
  All of these were received as nominally one hundred 
percent pure. The alcohol soluble actives content (60) was 
determined. 
 
2.3.3 Anionic Surfactants 
 
  The purity of some of these surfactants was unspecified. A 
more specific determination of purity was obtained by titration with 
a cationic surfactant using a  
mixed indicator system (61). 
                                                 
* The dry mass of the samples (all were within the range 4.0 ± 0.1 g) was  
  determined previously by vacuum drying at 100°C for one hour then    
  weighing to the third decimal place. The samples were then wet out with   
  water and air dried to a predetermined moisture content. 
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2.3.3 Preparation of Samples and Solvent Liquors 
 
  Prior to testing, all fabric samples were scoured  
in perchloroethylene in the drycleaning machine, (see  
section 2.2.1) then conditioned at 65% relative humidity,  
20°C for not less than 48 hours. Under these conditions,  
the fabrics had a moisture content of 14.0 ± 0.2%*. 
  The solvent liquors were prepared in the cannisters  
by adding the required amount of water to the solvent containing 
surfactant at a specified concentration. After agitating the cannister 
by hand for one minute to disperse  
the water, the wool was placed in the cannister which was  
then sealed. The cannisters were stored for ten minutes  
in the Launderometer tray** before tumbling. This was sufficient 
time to bring the temperature of the milling  
liquors containing wool to that of the water bath. 
 
2.3.4 Measurement of Milling Shrinkage 
 
  After tumbling in the Launderometer for a specified time, 
the wool samples were rinsed in a large volume of  
clean perchloroethylene for 24 hours then air dried until  
all solvent had evaporated. Measurement of the test square followed 
conditioning at 65% relative humidity, 20°C for  
48 hours. The shrinkage was expressed as a percentage of 
                                                 
* This was calculated from dry mass values and was expressed as a percentage 
of the dry mass. 
 
** A tray attached to the Launderometer had water continuously circulating 
through it from the heated water bath. 
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the original relaxed area of the square. The relaxed  
conditioned dimensions of the square were determined after 
tumbling in the Launderometer at 30°C for 30 minutes, the liquor 
(based on relaxation conditions (62) used in  
practice) containing water at 2.5% o.m.f.* and 5 g/l  
surfactant, sodium di-2-ethylhex sulphosuccinate. Approximately 
1% relaxation shrinkage occurred. 
 
2.3.5  Determination of Solubilised and Dispersed Water in 
Perchloroethylene 
 
  The water solubilised by surfactant is considered  
to be unavailable for sorption by the fibre (15). The  
water recognised as most readily available for uptake by  
fibre is that dispersed by the surfactant (54). The amounts  
of solubilised and dispersed water in perchloroethylene were 
determined in order to correlate with water sorption and  
milling rates of the fabric samples. 
 
2.3.5.1  Solubilised Water 
 
  The limiting concentration of solubilised water was 
considered to be the point at which turbidity was first  
observed (63). Turbidity was defined as any increase in  
opacity from a transparent reference which was a sample of  
the original surfactant solution without water addition.  
The upper limit of solubilisation was determined in the following 
way. A series of solvent surfactant solutions 
 
                                                 
* o.m.f. = on dry mass of fabric. 
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were mixed mechanically for five minutes with various amounts of 
water* and compared with the reference solutions after standing for 
twenty—four hours at 30°C. The water content of the clear solution 
of highest water addition  
(i.e. containing the highest concentration of solubilised  
water) was, then checked by Karl Fischer titration. 
 
2.3.5.2  Dispersed Water 
 
  The colloidally dispersed water was determined in  
the following way. Perchloroethylene (100 ml) containing surfactant 
was mixed with 3.2 ml of water (= 20% o.m.f. on  
the standard fabric load discussed in section 3.2.3) on a mechanical 
shaker in a 250 ml flask for a specified time.  
The liquor was then transferred to a test tube. After  
standing for a predetermined time** at 30°C, aliquots of  
the solvent layer were analysed for water content. The  
water content determined in this way comprised the water in 
solubilised and colloidally dispersed forms. Free water separated to 
the top of the solvent layer since water is  
virtually insoluble in perchloroethylene - 0.008% w/v (15).  
The concentration of dispersed water was then found by subtraction. 
                                                 
* The range of water contents was narrowed when the approximate upper    
   limit of solubilisation had been determined. 
 
** Standardisation of shaking and standing times is described in section   
    3.3.1. 
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2.3.6  Rates of Water Sorption 
 
  A conditioned fabric load of 18.2 ± 0.1 g conditioned mass 
(16.0 ± 0.1 dry mass) was placed in a one litre flask* containing 100 
ml of solvent liquor at 30°C to which 
3.2 ml of water had been added and dispersed by hand shaking for 
one minute. After agitation on a mechanical shaker**  
for a predetermined time, the samples were immediately withdrawn. 
Propan-l-ol, (20.0 ml) of known water content  
was added to the residual liquor in the flask to homogenise  
the liquor (see section 3.1.1) for subsequent Karl Fischer titration of 
water content. The water taken up by the wool  
could then be calculated by difference (the validity of this approach 
is discussed in section 3.1.3). By carrying out  
this procedure for various immersion times, the water  
sorption rate was obtained. 
                                                 
* For short immersion times, shaking in flasks on a mechanical shaker was   
  preferable to the use of the Launderometer because of the time required   
  to dismantle the cannisters after a tumbling cycle. 
 
** No temperature control was applied during shaking, but because of the  
    rapid sorption of water to near equilibrium, (see section 3.1.4) the   
    effects of the fall in temperature from 30°C were considered to be  
    negligible. 
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3. RESULTS AND DISCUSSION 
 
3.1 Establishment of Procedures for Determining the Water 
Content of Wool and Solvent 
 
  To determine the water distribution between the wool and 
the liquor, the water in the liquor was titrated and  
then the water content of the wool obtained by subtraction  
of the liquor water content* from the known total water  
content of the system. The accuracy obtained by this  
procedure is discussed in sections 3.1.1 - 3.1.3 where the sum of the 
water contents of wool and liquor determined  
separately was compared with the initial total water content  
of the system. 
  The rate of sorption of water by wool and its significance 
in the assessment of milling parameters is also discussed. 
 
3.1.1 Water Content of Solvent 
 
  At the completion of a milling experiment in the 
Launderometer, wool samples were immediately withdrawn from the 
cannisters and the residual liquor transferred to  
stoppered flasks. The residual liquor usually contained  
some free water (that separated to the top of the solvent  
layer) which made representative aliquot sampling difficult. This 
was overcome by adding a known volume of propan-l-ol of known 
water content to the liquor sample. A homogeneous 
                                                 
*  The water content of the total volume of solvent liquor in the system. 
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solution was produced from which reproducible titres were obtained. 
The water content of the total volume of liquor  
(i.e. the water in the liquor loosely attached to the wool  
was included as well as the water in the residual liquor in  
the flask) was then calculated. 
  To allow for the amount of water lost to the air in  
the seale& cannister and from the liquor during its transfer  
to the stoppered flasks, calibration curves were constructed  
in the following way. Solvent containing surfactant (NaDEHSS) at 
various concentrations in the cannisters had varying amounts of 
water added and the sealed cannisters tumbled in the Launderometer 
for 30 minutes at 30°C and  
60°C without any wool samples. At the end of the cycle,  
the liquor was transferred to the flasks and the water  
content found after addition of propan-l-ol as before. In  
Figure 3 - l, the relation between initial water content and  
final water content is shown. The loss of water at 30°C decreases 
with increasing surfactant concentration. At  
60°C, (5 g/l NaDEHSS) an appreciable loss of water was apparent. 
  The following relationship was used to calculate the water 
content of wool: 
 
Water content of wool = Total water content of system - (titrated 
water content of solvent + calibration error 
factor)   ……………(3 - 1). 
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3.1.2 Water Content of Wool 
 
  The extent of water extraction from wool with 
dimethylformamide was assessed. Single samples of wool (of known 
dry mass determined by vacuum drying at 100°C for one hour and 
weighing) were wet out in water and air dried  
to a high moisture content which was determined after reweighing. 
The samples were immersed in 200 ml of dimethylformamide, then 
heated in stoppered flasks for 15 minutes at 70°C. The flasks were 
then mechanically shaken while cooling to room temperature. 
Aliquots of the dimethylformamide extracts were titrated for water 
content. Good agreement was found between the Karl Fischer 
determination of moisture and the water content found by weighing. 
The results in Table 3 - 1, columns 1 and 2,  
suggest that there was effectively complete extraction of  
water from wool. 
  When wool is wet with perchloroethylene and then 
exposed to air, moisture, as well as perchloroethylene will  
be lost (64). Accordingly, the loss of water from perchloroethylene 
impregnated samples during transfer from cannisters to the flasks 
containing dimethylformamide was determined. This is described in 
section 3.1.3 below in  
relation to the total water content of the system. 
 
3.1.3 Total Water Content of the Wool/Liquor System 
 
  Single wool samples containing a known amount of 
moisture were immersed in 100 ml of perchloroethylene 
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containing 5 g/I of NaDEHSS and tumbled in the cannisters 
for 30 minutes at 30°C and 60°C. At the end of the 
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Launderometer cycle, the moisture contents of the liquor  
and the wool* were determined separately. Table 3 - 1 compares the 
total initial water content (known initial  
water content of wool plus water in 5 g/l NaDEHSS liquor) with the 
f water content (titrated wool water content  
plus the liquor water content plus the liquor calibration  
error obtained from Figure 1). 
  In perchloroethylene liquor at 30°C (samples 3 and 
4) , the discrepancy between initial and final water contents  
was very small, being similar to the error involved in the  
direct determination of the wool water content (samples 1  
and 2), i.e. water loss from wool during transfer to 
dimethylformamide was effectively zero. At 60° (samples 5  
and 6), discrepancies of 1.07% and 1.20% (o.m.f.)  
respectively were obtained. This presumably represents the water 
loss from wool during its transfer from the cannisters  
to the dimethylformamide flask. 
  By using equation 3 - 1, section 3.3.1, to calculate  
the water content of the wool, the water loss from the wool  
was eliminated as a source of error. For example in Table  
1, samples 5 and 6, values of 18.68 and 19.04% water would  
be obtained instead of 17.61 and 17.84% from direct determination. 
                                                 
* The water content of the perchloroethylene liquor adhering to the wool   
   sample transferred to dimethylformamide had to be allowed for. This is  
   discussed in the Appendix. 
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This procedure was adopted for all determinations  
of water distribution between the wool and the liquor. 
 
3.1.4 The Rate of Sorption of Water by Wool from 
Perchloroethylene 
 
  Because milling is strongly dependent on water 
concentration, studies of variables associated with the  
milling process should be made when the partition of water between 
wool and solvent is close to equilibrium. Rates  
of water sorption were determined in the following way.  
Flasks containing perchloroethylene (100 ml), 5 g/l NaDEHSS 
surfactant and known amounts of water at 20°C were  
agitated for one minute by hand to disperse the water. Four samples 
of wool* (18.2 g conditioned mass) were placed in  
the flasks which were then swirled by hand for a specified  
time. The wool samples were then quickly withdrawn and  
20.0 ml of propan-l-ol of known water content added as  
before. The water remaining in the liquor (calculated by proportional 
volume for 100 ml liquor) was expressed as a percentage of the dry 
mass of wool. The water sorbed by the wool was then calculated. 
  The rates of sorption of water by wool are shown in Figure 
3 - 2. At 5% (o.m.f.) water addition to the system, sorption was rapid 
and an apparent equilibrium was reached 
                                                 
* This load of wool in 100 ml of perchloroethylene was chosen as the  
   standard liquor/wool ratio in most milling trials, corresponding to ratios     
   used in practice. See section 3.3.2. 
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after 60 seconds of immersion time. As the amount of added water 
increased, the initial sorption rate increased.  
However, the time to reach an equilibrium condition also increased. 
At 10%  (o.m.f.) water addition, equilibrium was closely approached 
after about 2 minutes while for 20%  
(o.m.f.) water, approximately 5 minutes was needed to approach 
equilibrium (e.g. the 3, 4 and 5 minute sorption  
values were 16.3, 16.5 and 16.6 o.m.f., respectively). Consequently, 
to ensure equilibrium was reached prior to milling, the cannisters 
containing the wool samples and  
solvent liquor were heated in the Launderometer tray for  
10 minutes before tumbling. 
 
3.2 The Effects of Treatment Variables on Milling  
 Shrinkage 
 
  The effects of the known factors in milling were examined 
on a quantitative basis under simulated practical conditions. The 
establishment of the laboratory test and  
the results obtained are discussed below. 
 
3.2.1 Establishment of Simulated Laboratory Conditions 
 
  Samples of the wool test fabric in a 15 kg load of worsted 
wool fabric were milled according to standard industrial practice in 
the Donini solvent machine. The load  
was tumbled in 100 litres of solvent containing 10 g/l of a 
commercial milling agent*, at 30°C for the schedule 
described in section 2.2.1. A range of water contents was  
                                                 
* Avivan WA, (Ciba—Geigy) was used at the recommended   
   concentration. In the Launderometer trial, NaDEHSS was used. It is   
   shown in section 3.4 that the choice of surfactant has only a minor effect   
   on the relative milling rates. 
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used to establish the water content - milling relationship.  
The milling time (and hence the mechanical action) necessary to 
achieve the same relationship using the Launderometer was then 
determined. Figure 3 - 3 shows that 30 minutes tumbling in the 
Launderometer (100 ml solvent, 1 litre cannister  
volume, see section 2.2.2 for full details) closely  
correlated with the milling effect obtained in the 15 kg industrial 
machine. All subsequent experiments in the Launderometer were 
carried out for 30 minutes. 
 
3.2.2 The Effect of the Ratio of Solvent to Wool 
 
  The importance of the solvent to wool ratio was examined 
by tumbling one sample (4.5 g conditioned mass)  
and four samples (18.2 g conditioned mass) in 100, 200 and  
300 ml of perchloroethylene containing 5 g/l surfactant and 
20% water (o.m.f.) for 30 minutes. The effects were  
examined at 30°C and 60°C. and the results obtained are illustrated 
in Figure 3 - 4. 
  A larger solvent volume or higher liquor to wool  
ratio reduced the water sorption by the wool (Figures a and  
b) because of the increased capacity of the larger volume  
of liquor to hold water. This effect may also be seen by comparison 
of the water sorption of one sample and four samples at a given 
liquor volume. 
  Generally, shrinkage was less when four samples were 
present under the equivalent conditions of liquor volume  
and temperature although the water sorbed was much greater 
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than when one sample was present. This suggests that the  single 
sample experienced greater mechanical action. 
  Milling shrinkage was considerably greater at 60°C than at 
30°C despite lower water sorption, particularly  
for one sample. The effect of temperature is also observed under 
aqueous conditions, being attributed to the greater extensibility of 
wool with temperature (69). 
  The results illustrate the complex effect of liquor  
to wool ratio on shrinkage and water sorption. The effects  
are sufficient to emphasize the need to maintain a fixed  
liquor to wool ratio in order to obtain reproducible  
results. In practice, this is carried out by using a load approaching 
the maximum loading specification of the machine in a constant 
volume of solvent. 
  Four samples of wool of 18.2 g conditioned mass in 100 
ml of perchloroethylene liquor was used for all further work. It 
approaches typical ratios used in practice (47)  
and also a ratio used in a test method to determine  
dimensional changes of textiles on drycleaning in perchloroethylene 
(70). 
 
3.2.3 The Effect of Surfactant Concentration 
 
  Milling was carried out at various concentrations  
of NaDEHSS in perchloroethylene (100 ml at 30°C or 60°C)  
to which 2.4 or 3.2 ml of water (15% and 20%  o.m.f. respectively) 
had been added. From Figure 3 - 5, it can be  
seen that maximum milling occurred in the range of 1 - 5 g/l 
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surfactant for the temperatures and water contents studied although 
this effect was minor at 60°C when 20% water had been added to the 
liquor. 
  The maxima observed for milling shrinkage with 
surfactant concentration may be explained as follows. At surfactant 
concentrations greater than 4 - 5 g/l NaDEHSS, the solubility of 
water in the solvent liquor will increase.  
As a result, water becomes less readily available for  
sorption by the fibre and the extent of milling will  
decrease. Below 1 g/l NaDEHSS, the water is insufficiently 
dispersed. Above 1 g/l NaDEHSS and up to the observed optimum 
of 4 - 5 g/l, the dispersion of water is increased*  
so that more water is available for sorption by the wool. 
  A similar maxima has been observed in the effect of 
NaDEHSS concentration on the extent of dyeing of polyester fibre 
with water soluble dyes from perchloroethylene (43). Maximum 
dyeing occurred within the range 2 - 4 g/l of NaDEHSS. The reasoning 
for the change in extent of dyeing with NaDEHSS concentration was 
similar to that applied to the milling curves discussed above. 
 
3.2.4 The Effect of Water Content 
 
  The extent of milling shrinkage as a function of  
water added to the liquor was determined for a range of  
solvent temperatures. The other recognized milling factors 
                                                 
* The effect of surfactant concentration on the dispersion of water in   
   perchloroethylene is discussed in detail in section 3.3.2 and shown in  
   Figures 3 - 10 and 3 – 11. 
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were kept constant at the levels determined previously in  
this section; 
  Liquor volume   100 ml 
  Wool mass (conditioned)   18.2 g 
  NaDEHSS   5 g/l* 
  Agitation time  30 minutes 
   The effect of water content at various temperatures  
is shown in Figure 3 - 6. (The direct effect of temperature 
is discussed separately in section 3.2.5 and shown in Figure 
3 - 7). At all temperatures, a sharp rise in shrinkage was observed 
over a narrow water concentration range. This emphasises the need 
to maintain a constant water content  
in the liquor to obtain reproducible milling. In industry,  
a constant volume of water is generally added to each batch  
of milling liquor. However, the moisture content of the garments, at 
equilibrium with the ambient conditions, can  
vary appreciably. This is illustrated in Figure 1 - 2 (see  
section 1.2) where the variation of wool moisture content  
with relative humidity is shown. Over the range 20 - 80% relative 
humidity, the relationship is almost linear, a  
20% increase in relative humidity corresponding to a 4% increase in 
moisture content. Daily variations of this  
order are not unusual so that the moisture content of  
milling batches subject to constant amounts of water  
addition could vary by 4% (o.m.f.) . In Figure 3 - 6, it can 
                                                 
* This was an arbitrarily chosen concentration which produced a near   
   maximum extent of felting (see section 3.2.3). 
 59
 
 
 
 60
 
be seen that this could lead to appreciable variations in  
milling shrinkage. In particular, this would occur if  
variations in moisture content occur in the range  
corresponding to the steep portion of the curves. 
 
3.2.5 The Effect of Liquor Temperature 
 
  In Figure 3 - 6, it was shown that the point at which 
milling shrinkage increased rapidly with water content moved to 
lower concentrations of water when the temperature was increased. 
The direct effect of temperature is shown in  
Figure 3 - 7. The results suggest that large variations in  
solvent temperature will be just as important in causing shrinkage in 
drycleaning (water content less than 5% o.m.f.)  
as in causing uneven milling (15 - 20% o.m.f.). Large  
variations in solvent temperature can arise in industry from changes 
in ambient conditions and the use of solvent  
recently distilled*. Very low solvent temperature can occur after 
overnight standing in a storage tank. 
  In milling under industrial conditions, the effects  
of temperature can be reduced by raising the temperature  
of cold solvent close to the equilibrium temperature. This  
can be done by directly heating the solvent in the tanks or  
by running the machine through a blank cycle so that the solvent 
will be heated through contact with the metal cage  
on completion of the drying operation. In regions which 
                                                 
* Solvent temperatures in the cage of up to 45°c have been measured in the  
   machine in section 2.2.1. 
 61
 
 
 
 
 62
experience high ambient temperatures, an expensive but necessary 
remedy of fitting cooling coils to the tanks of  
the machine is required. Where drycleaning is carried out  
under such conditions, especially where high humidity conditions 
are encountered (when the moisture content of  
the wool will increase), the results suggest wool articles 
 would be m safely drycleaned in the morning when the temperature 
of the solvent and the machine will be less than that experienced 
later in the day. 
  Figure 3 - 6 shows the appreciable shrinkage obtained 
at 60° - 80°C in the presence of 5% added water (o.m.f.).  
This formed the basis of one of the patents (51) discussed  
in section 1.6.2. 
 
3.2.6 Comparison of Perchloroethylene and White Spirit 
 
  In the drycleaning industry, white spirit (otherwise known 
as Stoddard solvent) is used predominantly although  
for safety and ecological reasons it is gradually being  
replaced by perchloroethylene. In the textile processing industry, 
perchloroethylene is used almost exclusively, although isolated 
instances of the use of white spirit have  
been known. Perchloroethylene has approximately twice the specific 
gravity of white spirit (1.63 and 0.80  
approximately, respectively). The amount of shrinkage in  
the two solvents under identical conditions is shown in  
Figure 3 - 8. In perchloroethylene, the wool felted almost  
twice as much as in white spirit. The rate and extent of  
water sorption in wool were almost identical for the two 
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solvents*. The difference in milling between the two  
solvents is therefore almost certainly due to the greater mechanical 
action experienced in the solvent of higher  
specific gravity. 
 
3.3 The State of Water in Solvent and its Effect On  
 Milling and Water Sorption 
 
  The heterogeneous emulsions of water in 
perchloroethylene have a milky appearance because the light  
is scattered by solubilised micelles (71). When surfactant  
and water are agitated in perchloroethylene, the water can  
exist in one or more of three states; 
(i) Solubilised water, considered unavailable for uptake  
 by  the textile material (15), 
(ii)  Water colloidally dispersed by the surfactant,  
considered the most readily available for sorption by  
the fibre (54) 
(iv) Dynamically dispersed free water which is considered less 
readily taken up by textiles (54) than water in  
  state (ii). 
 
It has been shown previously that when surfactant is added to the 
solvent/water system, the rate of milling and  
presumably, the rate of Sorption is increased (8). 
                                                 
• The two solvents were compared under the following conditions; 100 ml  
liquor, 3.2 ml water, 5 g/l NaDEHSS, 18.2 g conditioned wool. The rates 
of sorption were determined as described in section 2.3.6. 
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The role of the surfactant in the milling process  
was examined with respect to these states of water which  
were determined as described in the following section. 
 
3.3.1 Establishment of Procedures for Determining  
 Solubilised and ColloidallyDispersed Water in 
 Solvent 
 
  Standardised procedures for determining the water content 
of solvent/surfactant mixtures were necessary  
because the water concentrations used in milling (2 - 4% v/v) are 
higher than the maximum water dispersing capacities of  
the surfactants*. Standard shaking and standing times  
before titration were determined as follows.  
Perchloroethylene (100 ml) containing 0.01 M NaDEHSS surfactant 
was mixed in 250 ml flasks with 3.2 ml water  
(this is equivalent to 20% o.m.f. in the standard liquor/  
load formulation) . After various times on a mechanical  
shaker, the emulsions were poured into test tubes and held  
in a stationary position for various times at 30°C, before  
water titration. 
  The water content values are shown in Figure 3 - 9. 
Between 10 and 30 minutes standing, the water content in  
the solvent layer remained relatively constant and the water content 
was considered to represent the total of solubilised  
and colloidally dispersed water. The higher water concentrations 
obtained between zero and 10 minutes standing 
                                                 
* This is illustrated in Table 3 - 2 and discussed in section 3.4.1. 
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were most likely due to free water which was separating out  
of the solvent layer. The conditions of 5 minutes shaking  
and 30 minutes standing at 30°C were used to compare  
various formulations*. 
 
3.3.2   The Effect of Surfactant Concentration on the 
Concentration of Dispersed Water and its 
  Relation to the Rate of Water Sorption by Wool and 
  Extent of Milling 
 
  Perchloroethylene (100 ml) containing concentrations of 
NaDEHSS corresponding to those shown in Figure 3 - 5 was mixed 
with 1.6, 2.4 or 3.2 ml of water** in the absence of fabric. The water 
contents of the solvent layer after  
standing for 30 minutes at 30°C were determined and are shown in 
Figure 3 - 10. The limit of solubilised water at various NaDEHSS 
concentrations was also determined as described in section 2.3.5.1. 
A linear relationship for  
solubilised water with increasing NaDEHSS concentration was 
obtained. The values obtained at solubilisation are in  
close agreement with published data (72). 
  The difference between the total water content of the 
solvent layer after 30 minutes standing and the  
solubilised water is considered to be the concentration of colloidally 
dispersed water (see section 3.3.1) and this  
is shown in Figure 3 - 11. There is a sharp increase in the 
 
                                                 
* At 5  minutes shaking, the near maximum water content was obtained  
  (see Figure 3—9). After 30 minutes standing, all free water was   
  considered to have separated. 
 
** These amounts of water correspond to 10, 15 and 20% respectively on  
    the dry mass (16.0 g) of the standard wool load used in milling trials. 
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amount of colloidally dispersed water with increasing concentration 
of NaDEHSS until 5 g/l was reached. Beyond  
5 g/l NaDEHSS, the amount of colloidally dispersed water 
decreased, this being caused by increasing solubilisation  
of water. The shape of the curves in Figure 3 - 11 bear some relation 
to the milling shrinkage curves (30°C) in Figure 
3 - 5. This aspect was examined further by measuring the  
rates and extent of water sorption by wool for varying 
concentrations of NaDEHSS. 
  The water sorption at various surfactant concentrations 
was determined using the technique described  
in section 3.1.4. Figure 3 - 12 shows the amounts of water sorbed at 
various times by 18.2 g of conditioned wool in  
100 ml of NaDEHSS liquor and 3.2 ml of dispersed water. 
  The range of surfactant concentration for maximum water 
sorption up to 5 minutes correlated to some degree  
with the shrinkage curves in Figure 3 - 5. The extent of  
water sorption at 5 minutes dropped appreciably beyond 
10 g/l NaDEHSS, this being probably caused by increasing 
solubilisation (and therefore ‘unavailability’) of water. 
This effect was more pronounced at 30 minutes, the maximum water 
sorption occurring at less than 1 g/l NaDEHSS. It  
was impossible to obtain reproducible sorption data in the absence 
of surfactant because of the tendency of the water  
to rapidly separate from the completely heterogeneous  
mixture of water and perchloroethylene and to preferentially adhere 
to the wool on removing the latter from the flask. 
  The results shown in 3 - 12 suggest that for 
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treatment times of 5 minutes or less, water sorption in the absence of 
NaDEHSS is very slow. 
  The relation between solubilised water and the amount 
retained by the liquor was examined by measuring water sorption by 
wool at the end of a 30 minute tumbling period  
at 30°C at various NaDEHSS and water concentrations. The 
conditioned wool mass was 18.2 g and the liquor volume was 100 
ml. The water sorbed and that theoretically available (amount added 
minus amount solubilised) are in close agreement (Figure 3 - l3)*. 
However, at low water additions,  
it is evident that the wool can take up an appreciable  
proportion of the solubilised water, particularly at higher NaDEHSS 
concentrations. Alternatively, when water additions approached 
saturation uptake, (i.e. 20% water addition  
o.m.f.) not all of the dispersed water was taken up - this  
was evident by the milkiness of the liquor. Equilibrium  
would not have been reached after 30 minutes. 
  he results of this section can be related to the  
milling curves shown in Figure 3 - 5. The amount of water sorbed by 
the fibre after 30 minutes (i.e. after a tumbling  
cycle, near equilibrium conditions) is directly related to  
the calculated available water which has not been  
solubilised (Figure 3 - 13). The retention of the solubilised water by 
the liquor is related to the decreased shrinkage  
which occurs beyond the optimum NaDEHSS concentration. 
Increasing the amount of colloidally dispersed water 
 
                                                 
• With an ideal 1:1 correlation, all points in Figure 3 - 13 would lie on the  
dotted line. 
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Each set of four points represents from left to right, 
20, 10, 5 and 2.5 g/l NaDEHSS. 
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promoted the initial sorption rate (Figure 3 - 12) and is considered 
responsible for the peak in milling obtained in Figure 3 - 5. Here, 
optimum shrinkage arose from the opposing factors of increasing 
dispersion and increasing  
solubilisation of the water. 
 
3.3.3 Effect of Surfactant Concentration on the 
 Distribution of Sorbed Water on the Wool 
 
  A principal function of the surfactant is to promote 
uniform sorption of water by fabric. It appears likely that  
the greater the amount of water colloidally and evenly  
dispersed in solvent, the more even the water sorption and milling 
effect on the garments. 
  The uniformity of water sorption by wool from liquors of 
varying concentrations of NaDEHSS was assessed in the following 
manner. Alizarine Brilliant Sky Blue GLW (Colour Index Acid Blue 
232, Bayer) which has been used to dye wool from solvent 
emulsions (68) was dissolved in water to give a concentration of 2 
g/l. To 100 ml of the surfactant/perchloroethylene liquor, 3.2 ml of 
the dye  
solution was added. After shaking the flasks by hand for  
one minute to disperse the aqueous dye solution, 18.2 g of 
conditioned wool was placed in the one litre flasks which  
were then agitated mechanically for 5 minutes. The fabrics  
were then gently withdrawn without squeezing and air dried. The 
uniformity of dyeing was considered a measure of the uniformity of 
water sorption. 
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 The effect of NaDEHSS surfactant concentration is shown 
visually in Figure 3 - 14. In the absence of  
surfactant, a marked non-uniformity of dye sorption was evident. 
This indicated non-uniform water sorption. Also,  
less dye was taken up. This would be caused by the reduced amount 
of water sorbed by the fibre in the absence of  
surfactant The uniformity of dyeing and presumably the uniformity 
of sorption improved with increasing NaDEHSS concentration up to 
5 g/l. Thereafter, surfactant  
concentration appeared to have no further effect on dyeing 
uniformity. This corresponds with the amount of colloidally 
dispersed water available and suggests that the amount of dispersed 
water in the solvent/surfactant/water system is  
the major factor affecting the uniformity of water sorption.  
This in turn would improve the uniformity of the milling treatment. 
 
3.4 The Effect of Surfactant Chemical Structure on the Dispersion 
of Water in Solvent and on the Rate and Uniformity of 
Sorption by Wool 
 
  Suitable surfactants for milling must be able to support 
water – in - oil emulsions. Further, the emulsions must be formed 
rapidly and be stable (48). Emulsions are formed rapidly when the 
interfacial tension between the two phases 
is low. Emulsion stability arises from protective colloid behaviour 
(65). Suitable water-in-oil emulsions are  
obtained when the emulsifying agent possesses the following 
properties (66); 
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(i) The ability to produce a low interfacial tension. 
(ii)  The ability to form a rigid interfacial film capable  
of coalescing oil droplets while preventing the coalescence of 
those of water. 
(iii)  The ability to be rapidly adsorbed at the oil/water interface. 
 The concentration and the composition of commercially 
available milling aids are usually not known. 
 The object of the following work was to find the most suitable 
surfactant for solvent milling. Suitability was  
based on the water dispersing properties of the surfactants  
and their effect on the rate and uniformity of sorption of  
water by wool. The surfactants examined were based on those found 
in drycleaning formulations (46) and which would therefore be 
soluble in solvent. The surfactant classes  
assessed were sulphosuccinates, petroleum sulphonates, nonylphenol 
ethylene oxide adducts and sorbitan esters. 
 
3.4.1 Water Dispersing Properties of Surfactants 
 
  The surfactants were compared on an equimolar basis, at a 
concentration of 0.01 M, this being typical of the concentration 
range of milling auxiliaries used in patents  
(50, 51, 52). To 100 ml of surfactant solution was added  
3.2 ml of water. The liquor was shaken for 5 minutes on  
a mechanical shaker and then allowed to stand for 30 minutes  
at 30°C before titration. The higher the water 
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concentration* in the solvent layer, the more suitable the surfactant 
was considered to be as a dispersing medium and milling agent. 
 
(i) Sulphosuccinates 
 
  The general formula of the sulphosuccinates series  
of surfactants is: 
 
CH2-COOR 
| 
CH—COOR 
| 
SO3Na 
 
  The di-butyl , di-amyl , di-hexyl , di-2-ethylhexyl  
and di-tridecyl members were compared for dispersion capacity. The 
water contents in the perchioroethylene layer  
are given in Table 3 - 2. 
  The lower members of the series, the di-butyl,  
di-amyl and di-hexyl compounds were insoluble in 
perchioroethylene and consequently had little water holding 
capacity.**  The di-2-ethylhexyl and di-tridecyl compounds 
dissolved readily in perchloroethylene, but the di-2- 
ethylhexyl member held much more water in perchloroethylene as 
shown by the water content values in Table 3 - 2. 
 
 
                                                 
*       Although some solubilised water was present, the amount of water added 
was well in excess of the solubilisation capacity of the surfactants so that the 
majority of the water titre represented colloidally dispersed water. For 
example, in the case of NaDEHSS (0.01 M), 1.1% water (o.m.f.) is the 
solubilisation capacity (see Figure 3—12) whereas 3.2 ml (20% o.m.f.) 
water was added. 
 
**   On vigorous agitation, phase inversion was observed for these three 
surfactants. 
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 The results suggest an influence of hydrocarbon chain length. 
With the lower members the hydrocarbon chain is apparently too 
short so that the water solubilising  
sulphonate group dominates the molecule, rendering the surfactant 
insoluble in perchloroethylene. The long hydrocarbon chain in the 
di-tridecyl member appears to give  
the molecule too oleophilic a character. In the case of NaDEHSS, 
the appropriate balance of oleophilic and hydrophilic groups* 
appears to have been closely approached for maximum stability of 
the water-in-oil emulsion. The appreciable water retaining capacity 
of NaDEHSS solutions  
has also been attributed to the steric effect of the ethyl  
side chain (63). 
 
(ii)  Petroleum Sulphonates 
 These have the general formula; 
CnHxSO3Na 
 
and are usually designated by their molecular weight. Three 
compounds of average molecular weight 350, 450 and 513 were 
examined. The compound of molecular weight 450 was easily the 
best (see Table 3 - 2); the optimum hydrocarbon chain length 
appears to have been approached in this compound although no 
allowance has been made for possible variations  
in the degrees of unsaturation which could have an effect. 
                                                 
* Termed the hydrophilic - lyophilic balance (HLB) which quantifies the   
   relative influence of the hydrophilic and lyophilic portions of the   
  surfactant  molecule (67). 
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(ii)  Nonylphenol Ethylene Oxide Adducts 
 These have the general formula: 
 
 
 
where n is the average number of moles of ethylene oxide  
per mole of nonyiphenol. Despite being readily soluble in 
perchloroethylene, none of these surfactants showed any appreciable 
water dispersing capacity (see Table 3 - 2) under the conditions 
applied. Apparently, this class of  
surfactant does not represent the right chemical type (66)  
for promoting water – in - perchloroethylene emulsions.* 
 
(iv)  Sorbitan Esters 
 
  These are fatty acid esters of the anhydro-sorbitols (hence 
tsorbitansr). The laurate, palmitate, stearate and  
oleate esters of sorbitan were examined. All supported a dispersion 
of water in perchloroethylene to approximately  
the same degree (see Table 3-2) so that variations to the hydrocarbon 
chain length had little effect for this class of surfactants. 
                                                 
* The lowest member of the series which has 2 moles of ethylene oxide per mole 
of nonylphenol has the lowest HLB value, 5.7 (73) which is within the 
arbitrary range of 4 - 6 considered to represent water – in - oil emulsifiers 
(74). Sorbitan monolaurate has an HLB of 8.6 (73) which is well outside the 
range, yet it supported a water – in - oil emulsion. These examples show that 
the HLB scale cannot be solely relied upon as an indicator of emulsifying 
properties. 
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3.4.2 Effect of Surfactant Type on the Milling Shrinkage of Wool 
 
  Equimolar concentrations (0.01 M) of various solvent 
soluble surfactants were compared for their effect on the milling 
shrinkage of wool under the standard conditions established in 
section 3.2.4 (100 ml liquor, 18.2 g  
conditioned wool, 3.2 ml water added, 30 minute tumble at 30°C). 
The area shrinkage values are shown in Table 3 - 3.  
The presence of all the surfactants increased the shrinkage obtained 
relative to that obtained in the absence of  
surfactant. This effect has been attributed to the  
surfactant promoting better contact of water with the wool  
by improving the dispersion of water (54). However, in the 
 
TABLE 3 – 3 
 
Milling Shrinkage in the Presence of  0.01 M Surfactant 
 
Surfactant                                                         Area Shrinkage % 
None, control 10 
Nonylphenol ethylene oxide adduct  18 
 (5 moles EO) 
Nonylphenol ethylene oxide adduct  17 
 (20 moles EO) 
Sorbitan monolaurate  24 
Sorbitan monooleate  23 
Sodium di-2-ethylhexyl sulphosuccinate 23 
Sodium di-tridecyl sulphosuccinate  23 
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case of the nonylphenol ethylene oxide adducts, significant increases 
were obtained in milling shrinkage (c.f. control) although the 
surfactants displayed minimal water dispersing properties* (see 
Table 3 - 2). The shrinkage was, however, significantly less than that 
obtained in the presence of the  
other surfactants which have better water dispersing  
properties. All of the other surfactants promoted milling  
to the same extent (23 - 24% area shrinkage) despite a wide range of 
water dispersing capacities (see Table 3 - 2). For example, sodium 
di-tridecyl sulphosuccinate has a capacity  
of 333 mg water/100 ml perchloroethylene, whereas sodium  
di-2-ethylhexyl sulphosuccinate has a capacity of 2180 mg 
water/100 ml perchloroethylene. This suggests that only a small 
proportion of colloidally dispersed water is required  
to achieve maximum milling shrinkage. In the case of sodium di-
tridecyl sulphosuccinate, 333 mg water represents 2.1% (o.m.f.) 
water colloidally dispersed of the 20% (o.m.f.)  
water added to the liquor, This result correlates with the shrinkage 
obtained in the presence of 1.25 g/l NaDEHSS which colloidally 
disperses 3% water o.m.f. approximately (as  
shown in Figure 3 - 11) under the standard milling conditions (see 
Figure 3 - 5). 
 
 
   
3.4.3 Effect of Surfactant Type on the Uniformly of Water Sorption 
by Wool 
 
                                                 
* These surface reduce, the surface tension of water from 72 to 40 mNm-1 (20 
mole EQ adduct) and 30 mNm-1 (5 mole EO adduct) at 0.01% concentrations 
in water (75) — the increased shrinkage may have been caused by greater 
wettability with water and consequently, a greater water sorption rate. 
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  The uniformity of water sorption produced by a number of 
surfactants (0.01 M) was assessed in the manner described  
in section 3.3.3. in Figure 3 - 15 is ‘shown the uniformity of 
‘dyeing’ and presumably uniformity of water sorption,  
obtained in the presence of various surfactants. 
  More dye uptake and therefore more water sorption was 
evident in the presence of all surfactants, compared with  
the system without surfactant. 
  In the presence of sodium di-amyl sulphosuccinate and the 
nonylphenol ethylene oxide surfactants, grossly  
uneven dyeings were obtained, indicating uneven water sorption. 
These surfactants had poor water dispersing  
properties as shown in Table 3 - 2. 
  Relatively even dyeings were apparent in the presence of 
NaDEHSS, sodium di-tridecyl sulphosuccinate, sorbitan 
monolaurate and sorbitan monooleate. With the exception of sodium 
di-tridecyl sulphosuccinate, all of these surfactants dispersed 
appreciable amounts of water as shown in Table 3 - 2. Sodium di-
tridecyl sulphosuccinate dispersed only 333 mg water/IQO ml liquor 
which is only 2.1% (o.m.f.)*, yet this  
was sufficient to support an apparently even sorption of  
water. 
                                                 
* This is expressed on the dry mass (16.0 g) of the standard conditioned   
  load (18.2 g) established in section 3.2.2. 
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  The results of this section suggest a good  
correlation between water dispersing properties and  
uniformity of water sorption. Apart from promoting uniform 
sorption, it is possible that the ability of a surfactant  
to colloidally disperse the water in perchloroethylene  
allows it to promote rapid interchange (12) of water between solvent 
and fabric, acting as a ‘levelling’ agent. 
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4. CONCLUSION 
 
  The factors known qualitatively to influence the rate and 
extent of milling in solvent/water/surfactant systems  
have been quantitatively illustrated by water sorption and milling 
shrinkage data. The improved understanding of the relationships 
between these factors should lead to improved uniformity and 
reproducibility of milling in industrial  
practice. 
  The investigation has shown that the following  
factors are important. 
 
(i)  The total amount of water in the system. 
 
At 30°C, milling commenced at approximately  
24% water o.m.f. (i.e. 10% water addition to the wool 
conditioned at 14% o.m.f.) and reached a peak at 
approximately 35% water o.m.f. 
 
(ii)  The temperature of the liquor. 
 
The industrial variation in ambient temperature can  
be as high as 20°C. This investigation has shown  
that differences in milling brought about by such a 
temperature differential were significant. 
 
(iii)  The concentration of surfactant (NaDEHSS). 
 
High concentrations (20 g/l) reduced the extent of  
milling because of increased solubilisation of the 
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water by the liquor and therefore decreased 
availability of water for sorption by fabric. At low surfactant 
concentrations, the milling rate is  
optimised by the opposing effects of solubilisation  
and increased sorption rates, particularly in the 
initial sorption period. Taking all factors into  
account, including uniformity of sorption (discussed  
later under the role of surfactant) , 5 g/l NaDEHSS  
is close to the optimum concentration. 
 
(iv)  The liquor to wool ratio. 
 
This must be as small as possible to obtain maximum  
milling. 
 
(v)  The specific gravity of the solvent. 
 
The specific gravity of perchloroethylene is approximately 
twice that of white spirit. The extent  
of milling obtained under equivalent water sorption conditions 
with the two solvents was also in that  
ratio. This was almost certainly due to the greater mechanical 
action experienced in the solvent of  
greater density. 
 
  The presence of a suitable surfactant was shown to 
increase the rate, extent and uniformity of milling  
shrinkage. The water dispersing capacity of the surfactant  
was related to the uniformity and initial sorption rate but  
not to the extent of sorption. These relationships were 
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illustrated by examining surfactant types and varying  
surfactant concentrations of NaDEHSS. Of the surfactants assessed, 
the surfactant with greatest water dispersing  
capacity was NaDEHSS and this was used to assess the milling 
variables discussed earlier. 
  Of the surfactants examined the most suitable for solvent 
milling were NaDEHSS, the sorbitan esters and the petroleum 
sulphonates. These compounds have been used as drycleaning 
surfactants. Previously, these have been  
presumed to be unsuitable for milling because of their high water 
solubilising capacity. The results suggest, however,  
that they are most suitable as milling agents, particularly  
for obtaining even water sorption and consequently uniform milling. 
The concentration of surfactant must be lowered  
from that normally used in drycleaning (e.g. 20 g/l solids)  
to a concentration where solubilisation is reduced and dispersion 
increased. For NaDEHSS, the near maximum extent and uniformity 
of milling was obtained at a concentration of  
5 g/l. At this concentration, only 200 mg water/100 ml of 
perchloroethylene is solubilised (1.25% water o.m.f., at  
5:1 liquor/wool ratio). That is, for 20% water addition  
(o,m.f.), 18.75% water (o.m.f.) is theoretically available. 
  In practice, the dispersion of water in perchloroethylene 
cannot be performed before entering the garments. If the dispersion 
was stored in a tank,  
separation into the two phases would almost certainly occur (the 
amount of added water usually exceeds the water dispersing capacity 
of the solvent/surfactant liquor) and 
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there would be no control over the batch to batch  
composition of the liquor with respect to water  
concentration. Therefore, the most practical approach to  
liquor preparation is to add the water rapidly to the  
solvent while the garment load is being agitated in the 
solvent/surfactant liquor. 
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APPENDIX 
 
Estimation of Error in Wool Water Content (see section 
3. 1.2) 
  When the wool sample and adhering perchloroethylene 
liquor were transferred to the tared flask containing 
dimethylformamide, the mass of adhering liquor was found by 
subtraction of the dry wool mass. This introduced a  
tolerable error because water sorbed by the wool contributed  
to the determination of adhering liquor mass. The following 
calculations show the estimated error of samples which are 
mentioned in Table 3 – 1. 
  Initial water content of samples (o.m.f.) = 25%. Therefore, 
the mass of water held by 4.0 g dry wool = 1.0 g. This 1 g mass 
contributed to the mass determination of the adhering liquor which 
was typically 15 g. The error in the 
mass of adhering liquor due to this 1.0 g water =  1  x 100= 7%  
           15      1 
approximately. However, this error of 7% represents a very small 
error in the total water determination as shown in the following 
calculation. 
  The amount of water in the residual liquor and calculated 
for original 100 ml volume (the composition of which is presumed 
to be representative of the water content of the liquor adhering to the 
wool sample) was 3% (o.m.f.) approximately (see values, Table 3 - 
1). 
  Therefore, in approximately 10 ml of adhering liquor (15 g 
liquor, specific gravity perchloroethylene = 1.6), 
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water content = 10  x 3 = 0.3% (o.m.f.). 
            100 
Therefore, the absolute error in water content of the adhering 
liquor =  7   x  0.3 = 0.02% (o.m.f.). 
             100 
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